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Experimentally measured rates of spontaneous folding of single-domain globular proteins range
from microseconds to hours: the difference (11 orders of magnitude!) is akin to the difference
between the life span of a mosquito and the age of the Universe. We show that physical theory with
biological constraints outlines the possible range of folding rates for single-domain globular pro-
teins of various size and stability, and that the experimentally measured folding rates fall within this
narrow ‘‘golden triangle’’ built without any adjustable parameters, ﬁlling it almost completely. This
‘‘golden triangle’’ also successfully predicts the maximal allowed size of the ‘‘foldable’’ protein
domains, as well as the maximal size of protein domains that fold under solely thermodynamic
(rather than kinetic) control. In conclusion, we give a phenomenological formula for dependence
of the folding rate on the size, shape and stability of the protein fold.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The aim of this paper is to outline the modern understanding of
the physical principles of protein structure self-organization.
A protein is a heteropolymer built of amino acid residues. It has
a chemically regular backbone chain and a unique (for each pro-
tein) sequence of 20 kinds of side groups; sometimes, it also in-
cludes ‘‘cofactors’’, which are usually small molecules, and
chemical modiﬁcation of some amino acid residues [1].
Before considering protein physics, it is useful to remind a read-
er that proteins exist under various environmental conditions
which leave an obvious mark on their structures. Roughly, accord-
ing to the ‘‘environmental conditions’’ and general structure, pro-
teins can be divided into three large groups [2]:
(i) Fibrous proteins form vast aggregates; their structure is usu-
ally maintained mainly by interactions between different
polypeptide chains.
(ii) Membrane proteins exist in water-lacking membranes. Their
intramembrane portions have highly regular three-dimen-
sional (3D) structure (like ﬁbrous proteins) but are restricted
in size by the membrane thickness (30–40 Å).(iii) Water-soluble proteins that live in aqueous environments
are the most numerous and well studied. The chain of an
‘‘operating’’ protein is usually folded into a ‘‘native’’ 3D glob-
ular structure, which is strictly speciﬁed except for small
ﬂuctuations and (sometimes) small rearrangements, and
which exists under normal biological conditions but decays
under the action of various denaturants, such as tempera-
ture, acid, some chemicals like urea, etc. Some (10%) pro-
tein chains, however, have no ﬁxed structure by
themselves (these are so-called ‘‘disordered’’ or ‘‘natively
unfolded’’ proteins), but they usually obtain it by interacting
with other molecules [3,4].
In this paper we will deal only with globular proteins. More-
over, we will concentrate mostly on relatively small, ‘‘single-do-
main’’ proteins that form one compact protein globule. A ‘‘single-
domain’’ structure is typical of small, water-soluble globular pro-
teins. Large proteins usually consist of two, three or even more do-
mains [2,5].
Protein physics is grounded on three fundamental experimental
facts:
(i) many proteins have well-deﬁned (except for small ﬂuctua-
tions) three-dimensional native structures [6–8];
(ii) the native state of many proteins is separated from the
unfolded state of the chain by an ‘‘all-or-none’’ phase transi-
tion [9] (which ensures the robustness and accuracy of
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provides a large energy gap between the native and the
other folds [10];
(iii) many protein chains are capable of self-organization, i.e.,
they spontaneously form their native structures not only
in vivo (in a living cell), but also in vitro (in a test-tube) in
an appropriate environment [11,12]. The denatured state,
at least that of small proteins unfolded by a strong denatur-
ant, is often the random coil; even under physiological con-
ditions, the native state of a protein is only by a few kcal/mol
more stable than its unfolded state [9] (and these states have
equal stability at mid-transition, naturally).
In about 1960, a remarkable discovery was made: it was shown
that a globular protein is capable of spontaneous folding in vitro
[11]. This means the following. If a protein chain has not been
heavily chemically modiﬁed after the initial (in vivo) folding, and
is then gently (without chain damaging) unfolded by temperature,
denaturant, etc., the protein spontaneously ‘‘renatures’’, i.e., re-
stores its activity and structure after the solvent ‘‘normalization’’.
Furthermore, it was demonstrated [12] that the protein chain
that had been synthesized chemically, without any cell or ribo-
some, and placed in the proper ambient conditions, folds into a
biologically active protein.
The phenomenon of spontaneous folding of protein native
structures allows us to detach, at least to a ﬁrst approximation,
the study of protein folding physics from the study of protein
biosynthesis.
Protein folding in vitro is the simplest (and therefore, the most
interesting for a physicist) case of pure self-organization: here
nothing ‘‘biological’’ (except for the sequence!) helps the protein
chain to fold.
The ability of proteins to fold spontaneously immediately raised
a fundamental problem that has come to be known as the Levinthal
paradox [13,14]. It reads as follows.
On the one hand, the same native state is achieved by various
folding processes: in vivo on the ribosome, in vivo after transloca-
tion through the membrane, in vitro after denaturation with vari-
ous agents. . . This and the existence of the spontaneous and correct
folding of chemically synthesized protein chains suggests that the
native state is thermodynamically the most stable under ‘‘biologi-
cal’’ conditions.
On the other hand, a chain has zillions of possible conforma-
tions (at least 2100 for a 100-residue chain, since at least two con-
formations, ‘‘right’’ and ‘‘wrong’’, are possible for each residue), and
the protein can ‘‘feel’’ the right stable structure only if it is achieved
exactly, since even a 1 Å deviation can strongly increase the chain
energy in the closely packed globule. Thus, if the chain spends only
a picosecond to come to one conformation from another, it needs
at least 2100 picoseconds, or 1010 years to sample all possible
conformations in its search for the most stable fold.
Then, a question arises: how can the chain ﬁnd its most stable
structure within a ‘‘biological’’ time (minutes) at all? The paradox
is that, on the one hand, the achievement of the same (native) state
by a variety of processes is (in physics) a clear-cut evidence of its
stability. On the other hand, Levinthal’s estimate shows that the
protein simply does not have enough time to prove that the native
structure is the most stable among all possible structures!
The difﬁculty of this ‘‘Levinthal problem’’ is that it cannot be
solved by a direct experiment. Indeed, suppose that the protein
has some structure that is more stable than the native one but folds
very slowly. How can we ﬁnd it if the protein does not do so itself?
Shall we wait for 1010 years?
Levinthal suggested [13,14] that there are speciﬁc folding path-
ways, and the protein native structure is the end of a folding pathway
rather than themost stable structure (i.e., that the native structure isunder kinetic rather than under thermodynamic control). However,
computer experiments with lattice models of protein chains show
that their folding is rather under thermodynamic control [15].
Still earlier, Philips proposed [16] that the protein folding nucleus
is formed by the N-end of the nascent protein chain, and the remain-
ing chain wraps around it. However, the successful in vitro folding of
many single-domain proteins and protein domains does not begin
from the N-end [17,18].Wetlaufer hypothesized [19] that the folding
nucleus consists of residues that are close in protein chain. However,
in vitro experiments show that this is not always so [20].
Ptitsyn proposed [21] a model of hierarchical folding, i.e., a
stepwise involvement of different interactions and the formation
of different folding intermediate states; and folding intermediates,
especially the famous ‘‘molten globule’’ are now considered as typ-
ical for proteins [22].
Later, various ‘‘folding funnel’’ models [23–25] became very
popular for description of fast folding processes. However, it has
been shown [26,27] that simple [28] ‘‘folding funnels’’ (those,
which do not include separation of folded and unfolded phases),
as well as hierarchical folding, help to avoid the astronomical fold-
ing time only when the native structure is much more stable than
the unfolded state, while the protein folding, this ‘‘all-or-none’’
phase transition [29], can also occur near the mid-transition, i.e.,
when the native and unfolded states have virtually equal free ener-
gies, and all the folding intermediates are unstable.
Lattice computer experiments [15,30] have shown that a spe-
ciﬁc folding nucleus initiates fast folding, with a power law depen-
dence of the folding rate on the protein size. Another, analytical
theory [31], taking into account the ruggedness of the protein fold-
ing landscape, gave another scaling law for this dependence. How-
ever, both the above mentioned results pertain to conditions where
the native state of a protein chain is much more stable than the un-
folded state, whereas the protein folding can occur also in condi-
tions when the native state is only marginally stable. Thus, they
do not give a general solution of the Levinthal paradox.
A decade ago, when a general solution of the Levinthal paradox
of spontaneous protein folding was obtained [32–34] using a kind
of funnel model that includes separation of folded and unfolded
phases, it was theoretically shown that:
(i) the in vitro folding rate (kf) of a single-domain globular pro-
tein must be, in the point of thermodynamic equilibrium of
its native and denatured states, between kstepf  expð
1
2
L2=3Þ
and kstepf  expð
3
2
L2=3Þ
where kstepf  108 s1 is the experimentally measured
[35–37] rate of conformational rearrangement of one amino
acid residue, and L is the number of amino acid residues in
the chain;(ii) the folding rate must increase [32,34] with increasing DG
(the free energy difference between the native and unfolded
states of the chain) by a factor of about exp(0.3DG/RT) 
exp(0.5DG/RT), where T is temperature and R is the gas
constant.
2. Theory
It is appropriate to remind (cf. [38]) the meaning of the above
mentioned physical limitations [32–34]. They follow from a con-
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time exponentially grows with growing free energy of the transi-
tion state (counted off that of the initial state), which is the barrier
(the least stable state of the pathway) that separates the initial and
the ﬁnal state of the process. In our case, the theory is applied [32–
34,41] to formation of the most stable fold of a protein chain from
its initial unfolded state; in a single-domain protein, the folding
and decay of its structure occurs as an ‘‘all-or-none’’ phase transi-
tion [29] via a transition state, the nucleus of which [15] looks like
a semi-folded protein [32–34] (Fig. 1).
At DG = 0, i.e., when the folded and unfolded phases of a protein
chain have equal free energies, the additional free energy of the
transition state is created by the border between these two phases.
The minimal and the maximal values of the transition state free
energy (and hence, of the folding time) can be estimated as follows.
(1) The minimal estimate corresponds to the case when the sur-
face of the nucleus (i.e., the folded part of the transition state) is
free from closed disordered loops protruding from the folded into
unfolded phase. The free energy of the native globule (not covered
with disordered loops), which consists of L residues, can be pre-
sented as DG = Lg + rBLL2/3, where g is free energy of one residue
inside the globule, r is free energy lost by one residue on the glob-
ule’s surface, and BLL2/3 is the number of residues at the surface of
the native globule. BL = (36p)1/3 4.8 for the most compact, spher-
ical globule, and, as one can compute, it is only by 7.6–8.7% greater
for a twofold oblong or oblate ellipsoid (see [43], Table 1.10-2).
r = 2.3RT  0.3  0.7RT, where 2.3RT is the average residue’s en-
ergy lost [29] upon protein denaturation at temperature T, and
0.3 means that the border’s residue loses three out of 10 non-
bonded contacts, which it would have had inside the protein; this
simple estimate is done for the most compact, hexagonal packing,
where a residue has 12 neighbors: with two of them it forms cova-
lent bonds and with 10 – non-bonded contacts.
If DG = 0, then g =rBLL1/3. For a growing compact globule that
comprises l residues,DGl = lg + rBll2/3. If protein folding goes via spher-
ical (the least unstable) intermediate structures,Bl = Bsph 4.8 for all of
them, and the highest free energy at this, the fastest pathway is,
DG# ¼ 427rBsphL
2=3ðBsph=BLÞ2 ð1Þ
whereas the folding nucleus size L# = 8/27L(Bsph/BL)3; this can be
found from equation d(DGl)/dl = 0 and the above estimated g value.
For a spherical globule, BL = Bsph and, from the above given numer-
ical estimates of Bsph and r, one obtains,
DG#=RT  12 L
2=3 ð2Þ
and L#/L  0.30 (cf. [33,34]). This minimal estimate of the transition
state free energy (and hence, of the folding time) corresponds to the
case when the folding nucleus of a spherical globule is not covered
with disordered loops.
(2) The maximal estimate of free energy of the nucleus corre-
sponds to the case when the nucleus is covered with closed loops
protruding from the folded into unfolded phase. Because freeFig. 1. Sequential folding (and unfolding) pathway [32]. U is the unfolded state, N is
the native state,  is the transition state. The folded part (dotted) is native-like. The
solid line shows the backbone ﬁxed in this part; the ﬁxed side chains are not shown
for the sake of simplicity (the volume that they occupy is dotted). The dash line
shows the unfolded chain. The ﬁgure is adapted from [42].energy of a loop (rloop) is high (see below), the nucleus used for
folding (the least unstable of all possible ones) is covered with
loops on only one side (that separates the already natively folded
phase from disordered one), while its other sides are free of loops;
speciﬁcally, these ‘‘other sides’’ can coincide with a part of the na-
tive globule’s surface. The optimal (minimal) estimate of the max-
imal size of the interface between the folded and unfolded (loop-
containing) part of the protein, which the globule must overcome
during its growth, is given by the largest (central) cross-section
of the L-residue sphere, i.e., this border contains L2/3  (36p)1/3/
4  1.2L2/3 residues [33].
In this case, the folding nucleus looks like a half of the native
globule. At DG = 0 for the whole protein, free energy of this
‘‘half-globule’’ folding nucleus is determined only by its interface
with the unfolded part of the chain.
As the chain at the interface can have, roughly, 6 directions (4
along the border, 1 going into the folded part, and 1 protruding
from this part), the 1.2L2/3-residue interface can give rise, on the
average, to nloop = 1/6  1.2L2/3 protruding loops, while nfree = 4/6 -
 1.2L2/3 residues are free of loops and each of them loses free en-
ergy r  0.7RT. A spherical globule has a multitude of possible
cross-sections dividing it in two halves. Therefore, the folding-used
interface (that of the lowest free energy) will be covered by not
more than this average, but possibly smaller, number of loops, be-
cause each of them increases the border’s free energy. It has been
shown [32,33] that the averaged (over all variants of lengths of
protruding loops and positions of their ends) Flory’s free energy
of such a loop (which cannot penetrate inside the folded part of
the globule) is rloop = 5/2RT  [2 + ln2  (lnL)/(L1/2  1)] (see Eq.
(6) in Ref. [33]). The maximum of this value (6.7RT) is achieved
at L tending to inﬁnity, but for a real-size protein (with L  100),
rloop  5RT. Thus, the maximal estimate of transition state free en-
ergy scales as DG# = nlooprloop + nfreer  1/6  1.2L2/3  5RT + 4/6 -
 1.2L2/3  0.7RT  1.5L2/3RT. As a result,
DG#=RT  32 L
2=3 ð3Þ
Thus, the folding rate of a globular (quasi-spherical) protein
should be between the maximal estimate, kf = kfstep  exp[1/2(L2/
3  1)] (having in mind that kf = kfstep at L = 1), and the minimal
one, kf = kfstep  exp[3/2(L2/31)], depending on the structure of
the transition state of the given protein. If the nucleus is not deco-
rated with closed loops and has unstructured tails only, then the
ﬁrst estimate is the case; if the folding nucleus is covered with
many closed loops, then the second estimate is the case.
The above considerations neglect entropy of possible loop knot-
ting, which was shown to be comparatively small for proteins of
less than thousands of residues [44]; later, a comparatively small
inﬂuence of knots on the folding rate was conﬁrmed experimen-
tally [45,46]. They also neglect a possibly non-uniform distribution
of strong and weak interactions over the globule, which has been
shown to give an effect of the secondary importance [32,33], as
well as two small opposed effects: a necessity to perform several
steps to cross the folding barrier and a possibility of existence of
several folding pathways. And they ignore [32] the secondary
structure, as well as a possible internal rearrangement of the com-
pact part of the folding protein that can increase [47] the rugged-
ness of its free-energy landscape. Nevertheless, the above
presented theory gave correct limits to the early experimental re-
sults obtained at DG = 0 [41].
If DG, the free energy difference between the native and un-
folded states of a protein, is not equal to zero, the transition state
free energy should change, according to the above described the-
ory, by about 0.3DG  0.5DG. The former corresponds to the nu-
cleus that is not covered with closed loops and therefore
comprising 30% of the protein chain; the latter corresponds to
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many closed loops at the interface between folded and unfolded
phases. Thus, the transition state free energy should change by
about 0.4DG on the average (experimentally, this free energy
change is larger [48], 0.7DG, seemingly due to the presence of
the ignored by our theory non-native contacts in the transition
state). Anyway, to keep to a single theory, one can state that DG in-
creases the folding rate by a factor of exp(0.4DG/RT).
In addition to the physical factors described above, there is a
biological limitation: the folding rate of a natural globular protein
under natural biological conditions must exceed 102 s1–103 s1
(on the average, 3  103 s1), because the folding process in vivo
does not take more than minutes [49–51].3. Golden triangle
Taken together, the three above limitations—one biological
limitation,
kf P 3 103s1 under the “biological”conditions ð4Þ
and two physical limitations,
kf 6 kstepf exp 
1
2
ðL2=3  1Þ  0:3DG
RT
 
ð5Þ
kf P k
step
f exp 
3
2
ðL2=3  1Þ  0:5DG
RT
 
ð6Þ
schematically outline, without any adjustable parameter, a region
that is theoretically allowed for the folding rates kf of single-domain
globular proteins of any size L and stability DG/RT of the native
state. Strictly speaking, the limitation (5) concerns the most com-
pact, spherical globule, while for a globule looking as, say, twofold
oblong or oblate ellipsoid the multiplier of ðL2=3  1Þ is
1/2  (1/1.08)2  0.4 rather than 1/2, see Eq. (1) and above.
The latter inequalities can be approximately presented as
follows:
kf 6 kstepf exp 
1
2
ðL2=3  1Þ þ 0:4DG
RT
 
þ 0:1 DG
RT
 
max
 
ð7Þ
kf P k
step
f exp 
3
2
ðL2=3  1Þ þ 0:4DG
RT
 
 0:1 DG
RT
 
max
 
ð8Þ
where the maximal value of 0:1 DGRT
 
max is close to 2 under the
‘‘biological’’ conditions (see Fig. 3A in [38]), i.e., rather small as com-
pared to the possible variations of L2/3.
The limitations (4), (7), and (8) outline the ‘‘allowed’’ (for fold-
ing rates under the ‘‘biological’’ conditions) triangle in coordinates
lnðkf Þ vs. L2/3 + 0:4 DGRT: the latter is the main value that determines
scaling of the logarithm of the protein folding rate (Fig. 2). In this
ﬁgure, the ‘‘golden triangle’’ for mid-transition conditions (that
is, at DG = 0) is yellow, and the bronze ‘‘belt’’ outlines the area al-
lowed for proteins under the ‘‘biological’’ conditions.
In Fig. 2 we present, in the same coordinates, the data for all 107
domains having no disulﬁde bonds or covalently bound ligands
(see Section 7, as well as Table S1 in Supporting Information to
Ref. 38) with the folding kinetics experimentally measured at
two extremes: (a) ‘‘mid-transition conditions’’ (here, DG = 0: a
denaturant or high temperature leads to equal stabilities of the na-
tive and denatured states), and (b) ‘‘biologically normal condi-
tions’’ [52] (denaturant-free aqueous solvent or, for heat-
denatured proteins, 25 C; here, DG–0).
As seen in Fig. 2, all points measured under the ‘‘normal’’ condi-
tions are in the allowed, rather narrow golden + bronze triangle
built without any adjustable parameters: out of more than a hun-dred, only one point (concerning the below mentioned protein
VlsE) is outside the triangle but very close to its border.
As to the points measured under the ‘‘mid-transition’’ (DG = 0)
conditions, almost all of them are in the allowed sector,
Kstepf  exp½
1
2
ðL2=3  1Þ 6 kf 6 kstepf  exp½
3
2
ðL2=3  1Þ ð9Þ
Only four proteins (the a-helix and proteins 1prb, a3D, VlsE, see
[38]) fold faster than allowed by Eq. (7), but all of them look like 2-
or 3-fold oblong ellipsoids, which are allowed to fold faster, since
for them the multiplier of (L2/3  1) in Eqs. (5), (7) is 0.4 rather
than 1/2, see above. However, many points corresponding to
DG = 0 are below the ‘‘biological limit’’ (3  103 s1), which can-
not be a surprise because this limit is applicable only to ‘‘biologi-
cal’’ conditions with DG < 0.
It should be noted that the above outlined region of theoreti-
cally allowed protein folding rates (Fig. 2) equally concerns the
two-state folding and the rate-limiting step of folding of the mul-
tistate single domains and proteins.
Now, attention should be paid to the both lower vertices of the
golden triangle (Fig. 2).
4. How large are protein structures that can feel kinetic
control?
The lower left corner shows that all proteins with
3
2
ðL2=3  1Þ þ 0:5DG=RT 6 ln½108s1=ð3 103s1Þ
¼ lnð1010:5Þ ¼ 24:2 ð10Þ
(see Eq. (6)) have enough time to ﬁnd their most stable fold un-
der the ‘‘normal biological’’ conditions. Having the average DG/
RT = 8.0 (cf. Fig. 3A in [38]), we see that a globular protein with
L < 90 residues is under complete thermodynamic control: it can
ﬁnd its most stable fold independently of its shape within a biolog-
ically reasonable time.
It is noteworthy that this left corner corresponds to the maxi-
mal vertical slice of the ‘‘golden triangle’’, and that the obtained
L  90 is close to the sharp maximum of distribution of protein do-
mains by size (see Fig. 3A). However, this maximum may simply
result from the fact that the number of surface residues in a glob-
ule of this size coincides with the number of hydrophilic residues
in a protein having a ‘‘normal’’ (1:1) proportion of hydrophilic
and hydrophobic groups [53–55].
According to the ‘‘golden triangle’’, the native folds of larger
proteins seem to be under some kinetic control (that is, their native
folds should be not only stable but also kinetically accessible with-
in a reasonable time period). Large proteins demonstrate (see [56]
and Fig. 3B) a comparatively low ‘‘relative contact order’’, CO [57]
(see Section 7), which means that their folds do not contain many
long closed loops that would slow down their folding, while the
large protein structures with high relative contact order are ex-
cluded: they are not suitable for sufﬁciently fast folding. It is note-
worthy that, in contrast to what is observed for small proteins, the
space of all possible (from the viewpoint of stability only) folds of
proteins of >100 residues has been reported to be much larger than
the space of folds found in nature [58].
5. How large the globular protein structure can be to fold within
a biologically reasonable time?
The lower right corner of the triangle shows that all chains with
(see Eq. (5))
1
2
ðL2=3  1Þ þ 0:3DG=RT P ln½108s1=ð3 103s1Þ ¼ 24:2 ð11Þ
Fig. 2. ‘‘Golden triangle’’ for scaling of protein folding rates. Experimentally measured in vitro folding rate constants in water and at the mid-transition are shown at the
background of the ‘‘golden triangle’’ (yellow), with the bronze belt corresponding to 0.1[DG/RT]max = 2 (see Eqs. (7) and (8)), theoretically outlined for ‘‘biologically normal’’
conditions, and white extension of the triangle, outlined for mid-transition conditions. Yellow dash line limits the area allowed only for oblate (1:2) and oblong (2:1) globules
at mid-transition; bronze dashed line means the same for ‘‘biologically normal’’ conditions. L is the number of amino acid residues in the experimentally investigated protein
chain. DG is the free energy difference between the native and unfolded states of the chain. The dotted broken line shows the middle of the golden triangle + white extension.
The dash curve shows the function aþ b  lnðL2=3 þ 0:4½DG=RTÞ adjusted to this middle line (a and b being the adjustable parameters). The ﬁgure is adapted from [38].
Fig. 3. Properties of protein domains. (A) Distribution of protein domains of four main SCOP structural classes by size. (B) Dependence of the ‘‘relative contact order’’ (CO) on
the size of globular protein domains of the four main SCOP structural classes. The ﬁgure is adapted from [38].
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logically reasonable time under the ‘‘biological’’ conditions. Having
DG/RT  20 for the most stable proteins (see Fig. 3A in [38]), we
can conclude that even the most stable quasi-spherical protein do-
mains with L > 500 residues cannot fold within a biologically rea-
sonable time; therefore, all larger proteins must either be divided
into domains, or have a rather elongated or oblate shape (Eq. (1)
shows that a twofold oblong or oblate protein can have the maximal
size by (BL/Bsph)3  25% larger, i.e., 600 residues).
The analysis of domains listed in the comprehensive protein
structure databases SCOP [59] and CATH [60] conﬁrms this esti-
mate of the maximal domain size: a few SCOP-domains,<1% of
4861 (see Fig. 3A, B), have more than 500 residues; 30% of this
1% contain two or even more structural domains according to
CATH while all the rest (70% of the 1%) are either signiﬁcantly ob-
late, or signiﬁcantly oblong, or composed of several compact, do-
main-like structural repeats (like Armadillo repeats [61] and
beta-propeller blades [62]).
6. Phenomenological dependence of folding rate on protein
size, shape and stability
Fig. 2 shows that protein folding rate (kf) decreases with the size
of the protein (L, or rather, L2/3) and increases with stability (DG/
RT) of its native fold; but, strictly speaking, this correlation is not as
high. When DG = 0, the correlation of ln(kf) with L2/3 for 107 do-
mains shown in Fig. 2 is 69% only, and nearly the same is the cor-
relation of ln(kf) with L2/3  0.4DG/RT for these domains having
DG– 0; when both conditions (DG = 0 andDG– 0) are considered,
the correlation is even lower (59% only).
The phenomenological reason of the moderate correlation is
twofold:
(i) the triangle region covered in Fig. 2 by experimental dots is
rather broad (which shows that not only the size and stabil-
ity inﬂuence the protein folding rate), and
(ii) this region is truncated from the bottom approximately at
the same level for proteins of various sizes if the latter
exceeds 100 residues.
As a result of this truncation, the central line of the triangle
coincides not with the bisector (ln(kf) = ln(108) – {L2/3 –
1 + 0.4[DG/RT]}) of the upper angle of the triangle (correlation
of ln(kf) with this line is 69% only); rather, the central line of the
triangle coincides the dotted broken line shown in Fig. 2: the cor-
relation of ln(kf) with the latter line is 81%; and approximately the
same (a little lower) is correlation of ln(kf) with the smooth curve
ln{L2/3 + 0.4[DG/RT]} (see dash curve in Fig. 2).
On the other hand, it is known that the rate of protein folding
decreases with increase of the ‘‘relative contact order’’, CO [57]
(see Section 7), which means that the rapidly folding folds do not
contain many long closed loops. Because the folding rate decreases
also with the protein size, the really important parameter that
inﬂuences the protein folding rate is the ‘‘absolute contact order’’,
AbsCO = L  CO [56,57]. The correlation of ln(kf) with AbsCO is 77–
79% [56,63], while the correlation of ln(kf) with L is 69% and with
CO is only 10% or less [56,63].
Because AbsCO grows with the protein size L as L2/3 approxi-
mately [56], and ln(kf) better correlates with ln(L2/3) than with
L2=3 (see above), it is reasonable to investigate correlation of ln(kf)
with ln{AbsCO} rather than with AbsCO.
Fitting the formula a + b  ln(AbsCO) + c  (DG/2RT) to experi-
mental data on ln(kf), we obtained, as the best approximation,
the equation,
lnðkf Þ  23:5 9:5  lnðAbsCOÞ  0:5  ðDG=2RTÞ ð12ÞThe correlation of calculated (after Eq. (12)) and experimental
ln(kf) values is 87% for all 107 used protein domains and all used
DG values.
7. Materials and methods
In this study, we consider single-domain proteins (or separate
domains) without disulﬁde bonds or covalently bound ligands.
The complete experimental data on the protein folding rates are ta-
ken from the KineticDB database [64], http://kineticdb.protres.ru,
and enriched with analogous data for newly investigated proteins
(see Table S1 and Supplementary References to Ref. 38). For the
multistate kinetics, we considered the rate constants of the rate-
limiting transition, if the latter was not attributed solely to cis–
trans proline isomerization. Experimental values of folding and
unfolding rate constants at mid-transition ðkmtf ¼ kmtu Þ and under
the ‘‘biologically normal’’ aqueous conditions ðkmtf ; kmtu Þfor these
proteins are presented in Table S1 of Supplementary Materials to
Ref. 38. DG/RT = -lnðkwf =kwu Þ is stability of the native state under
the ‘‘biologically normal’’ conditions.
Protein domains in Fig. 3A and B belong to four main SCOP [59]
structural classes (a, b, a/b, a + b). The SCOP ‘‘domains’’ that con-
sist of more than one domain, according to the SCOP remarks,
are not taken into account. All of the other single-chain SCOP do-
mains with sequence identity below 80% [65] have been selected.
The ‘‘relative contact order’’ [57] is calculated as CO ¼ 1LN
PNDLij,
where N is the number of contacts (within 6 Å) between non-
hydrogen atoms, L is the number of residues in the chain, and DLij
is the number of residues separating a contacting pair of non-
hydrogen atoms (adjacent residues are assumed to be separated
by one residue, etc.; contacts between atoms inside a residue were
excluded).
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